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The development of large-format detector arrays with background-limited performance is of particular interest at the terahertz
(THz) band, which is a unique band in search of our cosmic origins. With high sensitivity and being more promising in the pixel
number and multiplexing technology, superconducting kinetic inductance detectors (KID) are emerging as a major choice of
detectors of this type. Here we fabricate three-THz-band (0.35/0.85/1.4 THz) KIDs on a single chip from a 120-nm-thick
aluminum (Al) superconducting film and measure photon-noise-limited performance and intrinsic generation-recombination
noise at high (>1 pW) and low (<1 fW) optical radiation power, respectively. Their responses to blackbody (optical) radiation are
proven to be purely from photons compared with the responses of two dark KIDs intentionally arranged on the same detector
chip. The lowest optical noise equivalent power (NEP) reaches 6x10"" W/Hz"® and the optical coupling efficiency is in the

range of 49%-56% for the three KIDs, which are in good agreement with the simulation results.
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1 Introduction

The terahertz (THz) band contains nearly half of the radiant
photon energy in the universe, is a band with peaked thermal
radiation for dark and cold celestial objects, and has rich
molecular and atomic fine-structure lines [1]. Given the
uniqueness in search of our cosmic origins at the THz band,
the development of large-format detector arrays with back-
ground-limited performance is of particular interest. Tran-
sition-edge sensors (TES) [2] and kinetic inductance
detectors (KID) [3] are currently two major choices of this
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type of detector. Compared with TESs, which have been
applied widely in cosmic microwave background (CMB)
experiments, KIDs are more appealing in the pixel number
and the multiplexing technology, but yet to demonstrate full
capability on astronomical telescopes [4]. China is planning
to build a THz telescope in Antarctica [5] or the Tibetan
Plateau, with KIDs as a choice of its THz cameras.

It is well known that the surface impedance of a super-
conducting film, namely high-frequency loss due to quasi-
particles and kinetic inductance due to Cooper pairs, is very
sensitive to the coupled external fields such as optical ra-
diation (photons) and thermal phonons [6,7]. KIDs are ba-
sically a microwave high-quality-factor (Q) resonator made
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from a superconducting film, thus being particularly suited
for detection of radiation with energy excessing 2A (twice
the superconductor’s energy gap). In addition, thousands of
KIDs can be read out simultaneously via frequency-domain
multiplexing in a bandwidth of merely a few GHz, which is
rather attractive to large-format detector arrays. The physical
mechanism of KIDs is mainly the generation/recombination
of quasiparticles and the quasiparticle-number fluctuation
[8,9]. The fundamental limit of the sensitivity of KIDs is
determined by the photon-induced noises, expressed as a
noise equivalent power NEP j;o0n

2Pradhv(l +n’70pt) +2APrad/’7pb

Hopt

(1

NEPphoton = »\/

where P,,q and 7, are the optical radiation power and the
total optical efficiency of the detector system, % is Plank’s
constant, v the photon frequency, n the occupation number in
single-mode [10], A the energy gap of the superconducting
film at a bath temperature of 7, and #,,, (~0.57) the efficiency
of photon energy conversion to quasiparticle [11]. The term
Of 2P, ahv(1+19,)/ M o> also known as the background noise,
is from the random arrival rate of photons and photon
bunching and holds for all incoherent power detectors, while
the term of 2AP,,¢/n,.1,, designates the recombination noise
of the quasiparticles from the Cooper pairs broken by en-
ergetic photons. Note that the generated noise of the quasi-
particles is not included here as it is already included in the
former term. For pair-breaking detectors like KIDs, there is
also an intrinsic generation-recombination (G-R) noise of
quasiparticles [12,13], with its noise equivalent power
NEPg.r given by
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where N, is the number of quasiparticles, and z,, the life
time of quasiparticles. Note that the two noises by egs. (1)
and (2) are uncorrelated and their amplitudes add in quad-
rature.

Lens-antenna coupled KIDs based on an AI-NbTiN hybrid
film structure [12,14-17] and lumped-element KIDs based on
a single TiN or Al thin film [18,19] have demonstrated the
photon-noise limited sensitivity in a single THz frequency
band. Recently a lens-antenna coupled KID at 1.54 THz
based on ultra-thin Al film exhibited the intrinsic G-R noise
as well as the photon-noise limited sensitivity [9]. Given the
fact that the THz background noise at Dome A in Antarctic is
at the level of 107 W/HZO'S, we are planning to develop
large format (>1 k pixels) lens-antenna coupled THz KID
arrays based on a single Al film of a relatively large thickness
(>100 nm), which is beneficial to the uniformity of large
format arrays. This paper focuses on the study of the sensi-
tivity limit and optical efficiency of three Al KIDs on a single
chip at 0.35, 0.85 and 1.4 THz, which correspond to three
atmospheric widows at Dome A in Antarctic, with the last
two rarely accessible for other sites on Earth [1].

2  Experimental details

As shown in Figure 1(a), the designed experimental detector
chip includes 0.35/0.85/1.4 THz KIDs, marked as detector 1,
2, and 3, which are made up of a microwave superconducting
resonator and an integrated THz twin-slot antenna at the
detector’s readout frequency and the optical radiation band,
respectively. Each KID absorbs THz photons through the
integrated twin-slot antenna and an ellipsoidal silicon lens

NEP, = 24 /% , (2) attached to the detector chip, which is a typical combination
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Figure 1 (Color online) (a) Layout of the designed experimental detector chip. It consists of three-THz-band KIDs (0.35/0.85/1.4 THz, marked as detector

1, 2, and 3) and two dark KIDs (marked as detector 4 and 5). The three-THz-band KIDs are made up of a microwave superconducting resonator and an
integrated THz twin-slot antenna, while the two dark KIDs have no integrated THz antenna. The light red, light green and light blue areas indicate the
locations of respective ellipsoidal silicon lenses for THz radiation coupling. (b) Optical microscopic image of the 0.85-THz KID, which includes a coupler, a
quarter-wavelength CPW short-circuited resonator, and a 0.85-THz twin-slot antenna. (c) A detailed view of the 0.85-THz twin-slot antenna.
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photons and thermal phonons have similar effects on the
resonance/transmission response of KIDs [20], i.e., lowering
the resonance frequency and quality factor, so long as their
energy is sufficiently high to break Cooper pairs in the su-
perconducting film (for we Al, A=193 peV). On the other
hand, optical radiation may increase somewhat the local
ambient temperature of the measured detector chip, thus
resulting in a mixed response owing to photons and thermal
phonons. To verify the measured responses of the three KIDs
coming only from optical radiation, we added two dark KIDs
(i.e., no optical radiation coupling) on the designed detector
chip for comparison, marked as detectors 4 and 5. The five
KIDs have microwave resonance frequencies distributed in
the range of 4-5 GHz and their transmission responses are
read out through a common 50-Q CPW line (6-um gap and
10-um wide central conductor). Figure 1(b) and (c) show the
0.85-THz KID on the experimental detector chip, which is
fabricated from a 120-nm thick Al film evaporated on a 350-
pum thick high-resistivity silicon substrate (same as the other
KIDs).

Like conventional lens-antenna coupled KIDs, the 0.85-
THz KID includes a coupler, a 4.6 GHz (arbitrarily chosen in
the frequency range of our measurement system) quarter-
wavelength CPW (2-um gap and 3-pum wide central con-
ductor) short-circuited resonator, and a 0.85-THz twin-slot
antenna. Note that THz radiation received by the twin-slot
antenna breaks Cooper pairs in the center conductor of the
antenna’s CPW feedline and the excited quasiparticles dif-
fuse within a length of /= (Dz,)"” (for Al films, D=60 cm’/s,
1, 1s the quasiparticle lifetime) [21].

The experimental setup consists of a temperature-variable
blackbody, a set of optical filters, the measured detectors, and
a room-temperature homodyne readout system, with the first
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three components shown in Figure 2. The temperature-
variable blackbody and the optical filter set are combined to
provide a three-THz-band radiation source for this experi-
ment. As shown in Figure 2(b), an oxygen-free copper block
accommodating the detector chip and three elliptical silicon
lenses are installed on the mixing chamber of a dilution
fridge whose temperature can vary from 60 to 900 mK
through a PID control. Note that an aluminum alloy dia-
phragm with a diameter of 40 mm is placed in front of each
band-pass filter of the optical filter set to prevent the
blackbody radiation from scattering, and the inner wall of the
detector block is coated with Stycast/SiC to further absorb
stray light.

3 Results

3.1 Optical and temperature response

The response of a KID to an external field (or multiple fields)
such as optical radiation (photons) and thermal phonons is
basically the change of the number (or density) of quasi-
particles/Cooper pairs in the KID’s superconducting in-
ductive line owing to Cooper-pair breaking. The excited
quasiparticles will reach a steady-state (with an average
number N,,) when the generated ones are equal to the re-
combined ones, i.e., Ny/1q, (74, is the life time of quasi-
particles) [22]. As is well known, the measured KID
response is linked with the change of a scattering parameter
named S,; with respect to microwave readout frequency,
corresponding to the change of N, [8]. Note that S, is
usually plotted as an /-Q circle for a better understanding of
the KID response, with its radius 4 (also called resonator
amplitude) as a parameter adopted commonly in character-

Figure 2 (Color online) (a) Schematic picture of the experimental setup, showing a temperature-variable blackbody, a set of optical filters, and the measured
detectors. The temperature-variable blackbody and the optical filter set are placed in front of the detector chip to provide a three-THz-band radiation source.
(b) Assembly drawing of the detector module. The silicon lens integrated detector chip is mounted in an oxygen-free copper block thermally anchored to the
mixing chamber of a dilution fridge. The inner wall of the block is coated with Stycast/SiC to absorb stray light.
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izing the KID response.

Figure 3(a) shows the calculated blackbody radiation at 3.6
and 30 K, i.c., the lowest and highest temperatures of the
blackbody, and the measured transmission responses of the
optical filter set at the three THz bands by a THz time-
domain spectrometer (TDS). Obviously, the dynamic range
of the blackbody radiation reaches approximately 10 at the
1.4-THz band but reduces considerably at the two lower
frequency bands. Combining the blackbody radiation with
the transmission response of the THz filter set, we can
compute the optical radiation powers incident onto re-
spective elliptical silicon lenses. By varying the blackbody
temperature, we measured the transmission response S,; of
the five KIDs including two dark ones. Note that the mixing
chamber temperature is nearly not changed (65 mK) during
this measurement. Figure 3(b) and (c) show the measured S,
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for detector 2 (0.85-THz band) as an example. Obviously, the
higher the optical radiation power is, the lower the micro-
wave resonance frequency and the Q factor is owing to in-
creased density of quasiparticles (or decreased density of
Cooper pairs) [8]. To verify that the responses of detectors 1,
2, and 3 are attributed purely to the blackbody’s optical ra-
diation, we plot the normalized relative resonance-frequency
shift (df/f;) against the blackbody temperature for the five
KIDs, as shown in Figure 4(a). It can be clearly seen that the
normalized relative resonance-frequency shift increases ex-
ponentially with the blackbody temperature for detectors 1,
2, and 3, but has an insignificant increase for detectors 4 and
5 (two dark KIDs). The thermal effect caused by optical
radiation is therefore negligible. The non-equilibrium optical
responsivity d4/dP,,; was measured for detectors 1, 2, and 3
by tuning the blackbody temperature in a range of 100 mK
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Figure 3 (Color online) (a) Calculated blackbody radiation at 3.6 and 30 K and measured transmission responses of the optical filter set at the three THz
bands by a THz TDS. (b) Measured S,, for detector 2 (0.85-THz band) at different optical radiation powers. (c) Measured S,, for detector 2 (0.85-THz band)

plotted as /-Q circles at different optical radiation powers.
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Figure 4 (Color online) (a) Measured relative resonance-frequency shift of the five KIDs at different blackbody temperatures. The resonance-frequency
shift increases exponentially for detectors 1, 2, and 3, but has an insignificant increase for detectors 4 and 5. (b) Measured relative resonance-frequency shift
and Q-factor change of detectors 1, 2, and 3 as a function of bath temperature. The blue dot line and the red dot line are the calculated results according to
Mattis-Bardeen’s theory. (c) The measured resistance-temperature curve of the Al film. It has a critical temperature of about 1.27 K.
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with a resolution of 1 mK when the bath temperature and
microwave readout power are both fixed. We also measured
the transmission responses S,; of detectors 1, 2, and 3 with
respect to the bath temperature (65-350 mK), giving the
equilibrium thermal responsivity d4/d7,,;,. The normalized
relative resonance-frequency shift and the change of 1/Q are
plotted in Figure 4(b) together with the fitting results based
on the Mattis-Bardeen theory [6]. The fitted kinetic in-
ductance factor is about 2%, which is fairly similar to pre-
vious results by our and other groups [23,24].

3.2  Fluctuation of quasiparticles induced by optical
radiation

The number of the excited quasiparticles in steady state
fluctuates with respect to time, thus resulting in fluctuation in
A as well as an orthogonal component (i.e., phase fluctua-
tion) on the plotted /-Q circle. Theoretically, the power
spectral density (PSD) of the number of quasiparticles (V,,)
obeys the following:

4qufqp [ d4 ]2
1+ (2fzg,) (AN,

qp

This PSD includes both the generated noise and the re-
combination noise (equal contribution), and holds for qua-
siparticles from different origins (in equilibrium or non-
equilibrium), with Sy,,(0) independent of the bath tempera-
ture in equilibrium. As the resonator amplitude 4 is usually
measured, thus its power spectral density S,(f) is readily
available through Fourier transformation for its recorded
time series. The relation between the two PSDs is just the
square of dA4/dN,,, which can be computed through d4/
dT-(d7/dN,) in equilibrium (thermal-phonon induced qua-
siparticles) and d4/dP,y(dP,,y/dN,,) in non-equilibrium
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(photon-induced quasiparticles). Note that both d4/dT and
dA4/dP,,y are measured, while d7/dN,, and dP,/dN,, are
usually calculated according to d7/dN,, = 2A2(rqp/D)0'5/roN0-
(ksT, C)3 and dP,,¢/dNy, = A/(zghoptlps) [9], Tespectively.

Figure 5(a) shows the measured S,(f) for detector 2 (the
0.85-THz band) as an example. Taking the flat noise spec-
trum roughly between 100 Hz and 1 kHz, which is equal to
4qurqp(dA/qup)2, we can see that it has a positive correla-
tion with the optical radiation power, with the lowest value
down to —85 dBc. This positive correlation is understandable
as Ny,7,,0xV, with V as an active volume of quasiparticles and
being proportional to the diffusion length [25,26], but needs
to be further studied since some contradicted results were
also reported [17]. From the measured spectra shown in
Figure 5(a), we can find that the roll-off frequency (i.e., 1/
2mry,) is also dependent upon the radiation power. By fitting
the spectra measured for the three detectors with eq. (3), we
obtained their respective lifetime 7.,, as plotted in Figure
5(b). For the 0.85-THz and 1.4-THz KIDs, there are satu-
rated quasiparticle life times of about 100 and 130 ps, re-
spectively, while P,,4<1 fW. Their quasiparticle life times are
all proportional to Prad_3'3io‘2 while P,,;>100 fW, This trend is
similar to the previous result [9], but with a smaller index.
The quality of the fabricated Al superconducting film might
account for this difference.

3.3 Noise equivalent power and optical efficiency

The NEP of KIDs can be obtained by measuring S, and d4/
dP,q4 and is expressed as:

NEP(f) = /S, (%)I 1+ (27rﬁqp)2
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Figure 5 (Color online) (a) Measured S,(f) for detector 2 (0.85-THz band) at different optical radiation powers, with the case of the lowest radiation power
plotted with the corresponding Lorenzen fitting curve as an example. The measurement was performed at a bath temperature of 65 mK and a microwave
readout power of —82 dBm. (b) Measured quasiparticle lifetime as a function of radiation power obtained from the roll-off frequencies in the measured

spectra.
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where 7., (about 1.6 ps in our case) is the resonator’s re-
sponse time and is much shorter than the lifetime of quasi-
particles. With the measured S, d4/dP,,4, and 7, for detector
1, 2 and 3, we obtain their optical NEPs with respect to P,,q.
The measured optical NEPs are plotted in Figure 6 together
with the photon-noise limited NEP,,, and (NEPphmonz-F
NEPG_RZ)O‘S, i.e., the combined photon-noise and G-R noise
contribution, which are calculated according to egs. (1) and
(2). Obviously, the three THz KIDs exhibit photon-noise-
limited sensitivity at large radiation power (>1 pW) and in-
trinsic G-R noise at low radiation power (<1 fW). The lowest
NEP is approximately 6x10™"° W/Hz"".

Through the fitting of the measured NEPs at large P4 (>1 pW,
the linear or photon-noise limited part), we also obtained the
optical efficiencies of the three KIDs, equal to 50%, 59%,
and 45%, respectively. The antenna-lens models at the three
THz bands were simulated by CST Microwave Studio and
HFSS, giving their optical efficiencies 7y, ~49%-56%,
which appear in good agreement with the measured ones.
Given the fact that the elliptical Si lenses do not have anti-
reflection coating (i.e., with a reflection loss of 30%), the
actual optical efficiencies can be as high as 70%-80%.

4 Materials and method

4.1 Background noise in Antarctic

For a diffraction limit antenna, QA4 = 2. Then the noise
equivalent power due to the background noise is given by

NEPyg = 2ekpTyo~/Av, (5)

where ¢ is typically equal to 1, k3 the Boltzmann constant,
Tyg sky radiation temperature (or background temperature),
and Av the instantaneous detection bandwidth. Taking a re-
lative bandwidth of 10% for the 0.85-THz band (Av=
85 GHz), a typical winter ground temperature of 220 K at
Dome A in Antarctic, and an atmospheric transmission of 0.5
for the 0.85-THz frequency band, we can have T35=110 K
and thus an estimated NEP; = 8.8x10 '® W/Hz"".
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4.2 Lens antenna efficiency

The center frequency of the twin-slot antennas in detectors 1,
2, and 3 (see Figure 1(a)) is designed at 0.35, 0.85, and
1.4 THz, respectively. Before being coupled with the twin
slot antenna, the radiation is focused by an ellipsoid high-
resistivity float-zone silicon (FZ-Si) lens, made by Sumipro
submicron lathing BV, Netherlands. The ellipsoid silicon
lens has a long axis of 4.182 mm and a short axis b of 4 mm.
The total optical efficiency of the detector system is given by

nopt,s = ncpwnmatchnrefn SO» (6)

where 7, is the transmission efficiency of the CPW line,
Nmatch the coupling efficiency between the twin-slot antenna
and the CPW line, 7, the reflection efficiency of the silicon
lens, #go the efficiency due to the overflow of the integrated
lens antenna. The simulated optical efficiencies at the 0.35/
0.85/1.4 THz band are 53%, 56% and 49%, respectively.

4.3 Sample preparation

A layer of aluminum with a thickness of 120 nm is evapo-
rated on a 350 pum high-resistivity (p>1 kQ cm) silicon
substrate at a rate of 16 A/s. The Al film has a sheet re-
sistance of 390 mQ/[], a Residual Resistivity Raito (RRR) of
5.4 and a transition temperature of 1.27 K, corresponding to
an energy gap of 193 pueV (Ax1.76k3zT.). The KID is read out
through a coplanar waveguide (CPW) line with a central
conductor width of 10 um and a gap of 6 um. The normal
state resistivity of the CPW line is about 2.9 pQ cm and the
skin depth of the CPW line is 72 nm at 1.4 THz.

4.4 Temperature-variable blackbody and optical ra-
diation

The temperature-variable blackbody is a 70-mm-diameter
metal plate coated with carbon-loaded epoxy (EPOTEK 920
1LB part A, containing 3% by weight carbon black and 3%
by weight EPOTEK 920 1LB part B) and covered with 0.1
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Figure 6 (Color online) Noise equivalent power. Measured optical NEP at (a) 0.35 THz, (b) 0.85 THz, and (c) 1.4 THz for different optical radiation
powers. The black dot line is the calculated photon-noise limited NEP photon and the red dot line is the combined photon-noise and G-R noise contribution by

egs. (1) and (2).
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and 0.3 mm mixed SiC particles. The temperature-variable
blackbody is fixed at the 3 K shield window of the dilution
fridge with four 16-mm long and 0.6-mm thick Kevlar wires,
giving a thermal conductivity of ~10 W/K in a wide tem-
perature range of 3.6-30 K. The blackbody is 20 mm from
the detector chip and regarded as an extended source. Ac-
cording to Planck’s law, the radiation power P,,4 in front of
the detector is

o Tr(v)hv
P (Ty) = jo — gy, (7)
ekplps — 1

where v is the photon frequency, Tr(v) the transmission of the
filter as a function of frequency, and Ty the temperature of
the blackbody.

4.5 Optical filter set

The optical-filter set is made by QMC Instruments, Cardiff.
It consists of three 2-THz low-pass filters (at 3, 1 K and
about 100 mK) and three common band-pass filters (at
65 mK) centered at 0.35, 0.85, and 1.4 THz, respectively.

4.6 Responsivity measurement

The responsivity d4/dP, of the KID is usually obtained
from a linear fit to the response 4 measured as a function of
P.4s When the blackbody temperature is swept slowly
around the P4, the measurement point will be integrated for
20 ms. The responsivity dA/dP,, at each blackbody tem-
perature is obtained by fitting the slope of the response in a
small dynamic range. Note that the fitting needs to be done in
the linear region.

5 Discussion and conclusions

The KID’s active volume is required when calculating the
two fundamental noise limits given by eqs. (1) and (2). There
is a school of thought that the KID’s active volume is equal to
the cross-section area of the central conductor of the KID’s
superconducting inductive line multiplied by the half-length
of the inductive line [9], i.e., the KID’s active length of
quasiparticles. This active length in our case was found to be
1220-1830 um, which is in between the resonator’s half-
length 3013-3250 pm and the diffusion length 788-898 um
calculated in terms of the measured 7, In our case, 7y, is
much shorter than that reported in refs. [9,27-29] for a thin Al
superconducting film. As N,,z,,cV, a shorter 7 , indicates a
higher quasiparticle density n,,. With a constant active vo-
lume, a smaller ratio of n4,/7,, is beneficial to the reduction of
intrinsic generation-recombination noise. On the other hand,
as the photon energy Av is much larger than the super-
conductor’s gap energy 2A, the recombination term in eq. (1)

Sci. China-Phys. Mech. Astron.

March (2022) Vol.65 No.3 239511-7
is in fact negligible. With the reduction of P,y such as
broadband imaging spectroscopy and space observations, the
photon-noise limit may reach a level even below the G-R
noise measured in this work. Further studies on the effect of
the Al-film thickness and quality on the detection sensitivity
will be done in the future while we still care for the uni-
formity of large-format arrays.
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